Introduction {#S0001-S2001}
============

Conformational flexibility is an integral part of the structure-function relationship of a protein, and it has been shown to be required for various processes ranging from the mobility of proteins through different biological compartments and matrices to substrate binding and catalysis.^1--[3](#CIT0003)^ While intrinsic molecular characteristics determine the extent of conformational flexibility and associated conformational sub-states of any given protein, it is the influence of extrinsic factors, such as pH, temperature, overall solution composition and substrates, that influence the relative motions or population(s) of any particular conformational state.^[4](#CIT0004)--[6](#CIT0006)^ Some types of flexibility produce a continuous range of motion while others result in more of a switching motion between discrete states. Any associated conformational changes may be relatively small and localized to a particular region or loop, or they can involve more pronounced changes to the protein folds and overall higher-order structure. As one might expect, conformational flexibility and dynamics are among the more challenging attributes of a protein to accurately measure and fully understand because they are inherently dynamic processes that are typically highly sensitive to any changes in the chemical and physical environment. Advancements in our understanding of these phenomena are directly correlated to advances in the various experimental and computational approaches we depend on to investigate them. As this topic is too extensive to discuss in detail here, we instead refer the reader to more suitable reviews.^[7](#CIT0007)--[9](#CIT0009)^ We emphasize here, however, that despite persistent technological advances, a detailed understanding of the complex interdependencies of conformational flexibility, function and stability is lacking and remains an active area of research and interest, particularly in relation to the development of therapeutic proteins, as such knowledge could help to identify molecules and conditions that promote optimal stability profiles of biopharmaceutical products.^[10](#CIT0010)--[12](#CIT0012).^

The loops that make up the six complementarity-determining regions (CDRs) (three each in the heavy chain (HC) and light chain (LC)) are the most flexible parts of a monoclonal antibody (mAb), and, in addition to their direct role in antigen binding and specificity, they have also been implicated as key determinants of stability.^[13](#CIT0013),[14](#CIT0014)^ The third loop in the HC (HC-CDR3) often stands apart from the rest for two reasons: 1) it is the dominant contributor to antigen binding and specificity; and 2) it is the most variable of the CDR loops. For instance, the HC-CDR3 is by far the longest loop (occasionally exceeding 20 amino acids in length) and it has the broadest length distribution (ranging from 2 to 26 amino acids^[15](#CIT0015)^), making it the only loop that does not conform to a well-defined set of canonical structures or conformations.^[16](#CIT0016),[17](#CIT0017)^ The relative size and flexibility of the HC-CDR3 loop also increases its potential for significant interactions with other CDR loops, as well as neighboring parts of the variable regions.

Conformational flexibility within the native state in particular in CDRs was described mainly using two models, the induced fit^[18](#CIT0018)^ and conformational selection^[19](#CIT0019)^ models. In principle, the induced fit model contends that a ligand is required to actively induce the protein into its binding-competent conformation while the conformational selection model contends that the binding-competent conformation preexists within the native state ensemble and that a ligand merely shifts the equilibrium toward that conformation. There are numerous examples in the literature that provide support for both models,^[20](#CIT0020),[21](#CIT0021)^ but one particularly notable and recent report from Fernandez-Quintero et al.^[22](#CIT0022)^ highlighted the importance of describing HC-CDR3 loop structures as conformational ensembles and concluded that all of the antibodies in their study demonstrated behavior consistent with the conformational selection model. Of the numerous extrinsic factors other than substrates that are known to influence such conformational changes, pH is among the most commonly cited. As pH can alter the ionization behavior of charged amino acid groups, changes in pH may interfere with favorable intramolecular interactions required for maintenance of certain folded structures. Under certain circumstances, it may even be possible to observe a pH-dependent equilibrium between two distinctly different native-state conformations, such as in the case of Nitrophorin-4 (NP4). Crystallographic data from Kondrashov et al.^[23](#CIT0023)^ revealed that NP4 switches from a predominantly "closed" conformation at pH 5.6 to a predominantly "open" conformation at pH 7.4. Subsequent investigations by Menyhard et al.^[24](#CIT0024)^ showed that an aspartic acid (Asp) that is buried in the closed conformation has an anomalously high pKa value, enabling it to remain protonated (uncharged) within the relatively nonpolar interior of the protein. Di Russo et al.^[25](#CIT0025)^ then demonstrated the interconnectivity of pH-dependent conformational changes in NP4 and distinct conformation-dependent pKa values of the Asp in question. Specifically, these authors showed that in the open conformation, where the Asp side-chain is fully exposed to the solvent, its pKa was calculated as 4.3, consistent with theoretical values. In the closed conformation, however, intramolecular interactions with neighboring amino acids raised its calculated pKa to 8.5. Such coupling of pH-dependent conformational changes and conformationally dependent pKa values exemplifies the complex interdependencies that can contribute to the overall structure-function relationship of a protein.

Here, we propose and describe how a pH-dependent equilibrium between two discrete conformations of the HC-CDR3 could be an underlying mechanism for the anomalous charge variant profile of a therapeutic mAb. Currently, understanding the relationship between pH-dependent local or global conformational equilibrium of mAbs, especially in the CDR3, and their effects on mAb quality attributes such as charge variants, are limited. We systematically investigated the pH-dependent localized conformational equilibrium in a therapeutic mAb (mAb-1) at the intact and domain levels using cation exchange chromatography (CEX), surface plasmon resonance (SPR), hydrophobic interaction chromatography (HIC), reverse phase liquid chromatography coupled with mass spectrometric detection (RPLC-MS), peptide mapping, intrinsic fluorescence, and molecular modeling. Through this investigation, we demonstrated how a hypothesized localized pH-dependent conformational change, similar to that described for NP4, and observed in the molecular modeling of the HC-CDR3 of mAb-1, was the likely cause of the anomalous analytical profiles observed by CEX, RPLC, and HIC. Finally, we determined the functional impact of this conformational change and the associated equilibrium on the kinetics/affinity of antigen binding.

Results {#S0002}
=======

Charge variant analysis of intact mAb-1 {#S0002-S2001}
---------------------------------------

Charge variant analysis of mAb-1 was conducted with pH gradient CEX using a relatively simple mobile phase system containing only NaH~2~PO~4~ and Na~2~HPO~4~. After only a few scouting runs where the total ionic strength and gradient steepness were adjusted, a detailed charge variant profile with several well-defined peaks was obtained. Due to the overall complexity of the profile, individual peaks or groups of peaks were labeled by number in order of increasing retention time rather than being assigned as acidic, main, and basic variants ([Figure 1a](#F0001) black trace). Injection repeatability was performed and confirmed a relative standard deviation (RSD) \<3% for individual peak area, and 0.1% RSD for peak retention time (Supplemental [Figure 1s](#F0001) and Table 1s). UV data at 280 nm were used as the primary means of detection, and UV PDA data (210 nm-400 nm) and intrinsic fluorescence profile data (310 nm-370 nm) were also collected for additional information. The reproducibility of the intrinsic fluorescence profiles was demonstrated in six replicates (Supplemental Table 2s). UV PDA data confirmed that all the peaks in the charge variant profile were in fact protein and were indistinguishable according to the ratio of 260 nm/280 nm (or across the range of 210 nm-290 nm). More interestingly, intrinsic fluorescence profile data indicated a clear difference between the two main peaks (peak-3 and peak-4). Specifically, the intrinsic fluorescence profile of peak-3 was red shifted relative to peak-4 ([Figure 1b](#F0001)). The fluorescence profile ratios of 330 nm/350 nm for peak-3 and peak-4 are shown in [Figure 1c](#F0001) (initial injection). At this point, a more in-depth investigation into the charge heterogeneity of mAb-1 was initiated based on two key considerations of our preliminary findings. Firstly, the relatively high charge heterogeneity of mAb-1 was unexpected and could not be readily accounted for by all the known post-translational modifications as per peptide mapping (i.e., total deamidation \<6.0%, total isomerization \<0.5%, and total succinimide \<0.5% under non-stressed condition). Secondly, the underlying cause of the difference in fluorescence profiles between peak-3 and peak-4, and how that correlated with the charge heterogeneity by producing two separate peaks, was similarly unclear since such shifts in fluorescence only reflect a conformational change that involves a change in the polarity of the environment of the tryptophan residues.10.1080/19420862.2020.1763138-F0001Figure 1.mAb-1 demonstrated two main peaks (Peak-3 and Peak-4) in CEX analysis using pH gradient elution. The two main peaks exhibited different intrinsic fluorescence and re-equilibrated to a ratio similar to that ratio of unfractionated sample following reinjection of collected individual main peaks. The fluorescence profiles of reinjected peaks were also compared with initial unfractionated sample, which remained unchanged. (a) CEX chromatograms: initial injection of intact mAb-1 in black, reinjection of collected peak-3 in red, reinjection of collected peak-4 in blue. (b) PDA fluorescence profileof peak-3 and peak-4. (c) Fluorescence profile of peak-3 and peak-4 measured by 330 nm/350 nm.

As an initial step in our investigation, peak-3 and peak-4 were collected as separate fractions. They were subsequently reinjected as an internal check of the fraction collection procedure and prior to any orthogonal analysis. Surprisingly, each peak fraction chromatographed as a mixture of both peak-3 and peak-4 ([Figure 1a](#F0001) red and blue traces). Moreover, the ratio of peak-3 and peak-4 was similar in each fraction and was also comparable to what was observed in the unfractionated sample. Lastly, the difference in fluorescence between peak-3 and peak-4 in the reinjected fractions was consistent with the unfractionated sample ([Figure 1c](#F0001): peak-3 and peak-4 injection).

Charge variant analysis of mAb-1 Fc and Fab domains {#S0002-S2002}
---------------------------------------------------

mAb-1 was enzymatically digested into antigen-binding fragments (Fabs) and the crystallizable fragment (Fc) at a single site in the upper hinge region. The rationale for doing so was to determine whether the equilibrium behavior observed at the intact level would translate to the domain level, which would help narrow the focus of our investigation. Notably, the CEX profile of a mAb digested in such a way typically contains two dominant peaks, one for the Fc and another for the Fab, along with various smaller charge variant peaks that are associated with each domain. The CEX profile of digested mAb-1, however, contained three dominant peaks ([Figure 2a](#F0002)). There were no peaks remaining in the region of the intact mAb-1 profile, indicating that each of the three dominant peaks was a digestion product and presumably a domain of mAb-1. A check of the intrinsic fluorescence signal revealed that the profiles of all three peaks were significantly different from one another ([Figure 2b](#F0002)). Once again peak fractions were collected, this time for all three dominant peaks. Upon reinjection, the fraction of peak-C was confirmed to contain only peak-C. Fractions of peak-A and peak-B, on the other hand, both chromatographed as a mixture of peak-A and peak-B (Supplemental [Figure 2s](#F0002)). The initial reinjection of the peak-A fraction chromatographed with the same ratio of peak-A and peak-B as was observed in the unfractionated sample, and that same ratio was reconfirmed in a second reinjection after the fraction was stored at 5°C for 16 hours. By contrast, the initial reinjection of the peak-B fraction chromatographed with a different ratio of peak-A and peak-B, but that ratio had re-equilibrated to what was seen in the unfractionated sample (and in the peak-A fraction) by the second reinjection, after the fraction was stored at 5°C for 16 hours. The fluorescence profile of each peak in the reinjected fractions remained consistent with the corresponding profile in the unfractionated sample.10.1080/19420862.2020.1763138-F0002Figure 2.Intact mAb-1 was enzymatically digested using GingisKHAN in the upper hinge region to generate Fab and Fc domains. The digested domains were analyzed by CEX using pH gradient elution as described in the method section. The CEX profile of digested mAb-1contained three dominant peaks with distinct intrinsic fluorescence. (a) CEX chromatogram of digested domains of mAb-1. (b) Fluorescence profile of the three major peaks of the digested mAb-1: peak-A in red (330 nm/350 nm = 1.15), peak-B in blue (330 nm/350 nm = 1.38), peak-C in black (330 nm/350 nm = 1.58).

RPLC-MS analysis of the domains of mAb-1 {#S0002-S2003}
----------------------------------------

The three domain peaks (peak-A, peak-B, and peak-C) collected from CEX described as above were further characterized by RPLC-MS. [Figure 3](#F0003) shows the UV chromatogram and deconvoluted mass spectra of the three CEX peaks. The RPLC-MS results indicated that peak-A and peak-B had the same retention time as well as identical mass, which matched the theoretical mass of the Fab of mAb-1, while the mass of peak-C was consistent with the Fc domain.10.1080/19420862.2020.1763138-F0003Figure 3.Enzymatically digested mAb-1 domains were separated by CEX and the three major peaks (Peak-A, Peak-B, and PeakC) were collected. The collected fractions were analyzed by RPLC-MS . Peak-A and Peak-B demonstrated the same retention time and same mass. (a) UV spectrum of the three major peaks. (b) Deconvoluted mass spectrum for the three major peaks.

Molecular modeling {#S0002-S2004}
------------------

In order to further understand the experimental findings at a molecular level, several forms of molecular modeling were performed on intact mAb-1 and its domains. An extremely long HC-CDR3 loop (20 amino acids long) exists in the heavy chain, which the homology modeling showed to have an extended conformation ([Figure 4a](#F0004)). This HC-CDR3 loop is also highly flexible, as shown by the diverse conformations obtained both from the loop modeler and molecular dynamics (MD) simulations ([Figure 4b](#F0004) and [4c](#F0004)). This flexibility and the resulting conformational changes can lead to changes in the pKa values for titratable residues such as Asp, Glu, Arg, Lys, and His. The calculated pKa values for all the titratable residues in the conformations obtained from the loop modeler and MD simulations are shown in Supplemental [Figure 3s](#F0003). Two residues in particular (Asp-100, Asp-118) have high variability in their pKa values depending on the protein conformation, both of which are located at the base of the HC-CDR3 loop ([Figure 5a](#F0005)). Thus, a change in the loop conformation would accompany a change in pKa of these titratable residues, which in turn would accompany a change in overall protein charge. Two particular conformations were identified from the loop modeler that demonstrated a significant change in pKa for these Asp residues. One of these conformations has the HC-CDR3 loop extended (open) whereas the other one has the loop bent (closed). These two conformations also differ in the extent of the solvent exposure of Trp-94 ([Figure 5a](#F0005)), which is reduced significantly in the closed form where the HC-CDR3 loop is bent over the residue. It is noteworthy that all the Trp residues in this antibody are buried within the protein core, except for Trp-94 which is solvent exposed. A change in the solvent exposure of Trp-94 could therefore lead to the change in the fluorescence profile that is observed in the experimental data.10.1080/19420862.2020.1763138-F0004Figure 4.Molecular modeling. (a) Homology modele of mAb-1 with the HC-CDRs loop highlighted. (b) Loop modeling results showing the superposition of HC-CDR3 loop conformations. (c) Overlaid snopshots from the MD simulation.10.1080/19420862.2020.1763138-F0005Figure 5.Comparison of molecular modeling results for the \"open\" and \"closed\" loop conformations. (a) Structures labeled with select pKa and solvent accessible surface area (SAA). (b) Hydrophobicity maps. (c) Charge analysis showing contiguous, charge surface patches.

To further probe the differences between the open and closed-loop conformations, Spatial-Aggregation-Propensity (SAP) modeling ([Figure 5b](#F0005)) was performed. The SAP model displays the hydrophobic patches on the protein surface that are typically involved in protein-protein binding as well as aggregation.^[26](#CIT0026)^ The SAP model of this antibody shows there to be significant hydrophobic patches in and around the HC-CDR3 loop ([Figure 5b](#F0005)). It is energetically unfavorable for these hydrophobic residues to be exposed to the solvent. In the second (closed) conformation, the HC-CDR3 loop bends to hide some of these hydrophobic patches, including the Trp-94 residue ([Figure 5b](#F0005)). Therefore, it is expected that the closed conformation can also be a stable protein conformation. The contiguous charge surface patches was shown in [Figure 5c](#F0005). To further support this assertion, MD simulations were performed on the Fab group of mAb-1 starting from the structure with the open conformation of the HC-CDR3 loop (as in [Figure 4a](#F0004)). The HC-CDR3 loop remains flexible during the simulation ([Figure 4c](#F0004)) and after approximately 150 ns it is observed to close (Supplemental [Figure 4s](#F0004)). The MD results confirm that the closed conformation is energetically favorable and accessible under ambient conditions. Based on all the *in silico* modeling results, we propose that peak-3 observed in the CEX profile of mAb-1 represents the "open-loop conformation," which has a lower isoelectric point (pI) and red-shifted fluorescence, while peak-4 represents the "closed-loop conformation," which has a higher pI and blue-shifted fluorescence, and we therefore use this terminology throughout the remainder of the text.

Mining peptide mapping data for peptides containing Asp-100 and Asp-118 {#S0002-S2005}
-----------------------------------------------------------------------

Based on the sequence of mAb-1, both Asp-100 and Asp-118 reside within a single tryptic peptide. To investigate the possibility that the two interconverting peaks observed in CEX arose from iso-aspartate formation of Asp-100 and/or Asp-118, tryptic peptide mapping of the intact mAb-1 was performed under our standard procedure, and standard tryptic peptide mapping data were then mined for the peptide containing these residues. Possibly due to the overall length and high hydrophobicity of this tryptic peptide, the peptide was not identified. Subsequently, chymotryptic peptide mapping of the intact mAb-1 was performed under our standard procedure, and the chymotryptic peptide mapping data were mined from which two smaller peptides were identified, one containing Asp-100 and another containing Asp-118. Extracted ion chromatography showed only a single peak for each peptide mass. This was further confirmed through accurate mass and MS/MS data (Supplemental [Figure 5s](#F0005)). In addition, no detectible succinimide intermediates were found in the peptide mapping data.

pH-dependent equilibrium of the proposed "open-loop" form and "closed-loop" form of mAb-1 investigated by CEX {#S0002-S2006}
-------------------------------------------------------------------------------------------------------------

Two additional sets of experiments were performed based on the outcome of the molecular modeling studies. First, the pH dependence of the ratio between peak-3 and peak-4 was investigated by adjusting the initial pH of the mobile phase of the CEX method. The fundamental steps of the CEX method consist of a one minute initial hold followed by two gradient elution steps. Prior to this point in the investigation, the CEX method had always begun with an initial hold and gradient that started with only NaH~2~PO~4~, which provided the lowest available pH for the mobile phase system in use. Going forward, the initial pH was incrementally increased by varying the proportion of NaH~2~PO~4~ and Na~2~HPO~4~ while the steepness of the gradient steps remained constant. This naturally resulted in a pH-dependent decrease in retention time and imposed a practical limit on the highest initial pH condition, which was determined by the minimum column retention required to still achieve adequate peak separation (see [Figure 6](#F0006)). The results graphed in [Figure 6b](#F0006) show a clear pH dependence for the ratio of peak-3 and peak-4, with peak-3, the proposed open-loop conformation, becoming more dominant as the initial pH of the mobile phase was increased from 4.5 to 6.4 and peak-4, the proposed closed-loop conformation, demonstrating the opposite trend. The second experiment for demonstrating the pH-dependent equilibrium of the ratio between peak-3 and peak-4 involved varying the holding time of the initial pH (pH = \~4.5) of the mobile phase before the gradient elution of the CEX method (see Supplemental [Figure 6s](#F0006)). Figure 6sB shows that peak-3 (proposed open-loop form) decreased when the initial holding time increased. This result was consistent with the first experiment, which shows that peak-3 becomes less dominant as the sample is exposed to a more acidic environment (for a longer period of time).10.1080/19420862.2020.1763138-F0006Figure 6.pH dependence of the interconversion of peak-3 and peak-4 were demonstrated using CEX by increasing the initial pH of the mobile phase. The desired initial pH of the mobile phase was achieved by altering the ratio of \[NaH~2~PO~4~/Na~2~HPO~4~\] and the pH value was measured offline by a pH meter. (a) CEX chromatographs of intact mAb-1 with different initial pHs of the mobile phase. (Color, initial pH mobile phase): Brown: pH \~6.4, Pink: pH \~6.2; Light blue: pH \~6.1; Green: pH \~5.9; Blue: pH \~5.4; Black: pH \~4.5. (b) Area % of peak-3 and peak-4: area of peak-3 increased when the initial pH of mobile phase increased (blue column); area of peak-4 decreased when the initial pH of mobile phase increased (orange column).

pH-dependent equilibrium of the proposed "open-loop" form and "closed-loop" form of mAb-1 investigated by HIC {#S0002-S2007}
-------------------------------------------------------------------------------------------------------------

The behavior of mAb-1 was further investigated by HIC to provide additional supporting experimental evidence with a technique orthogonal to CEX. The same NaH~2~PO~4~ and Na~2~HPO~4~ buffer system used to control the pH of CEX separations was used for HIC, but, unlike CEX, the pH of each HIC separation was held constant while binding and elution of mAb-1 from the column was controlled with a (NH~4~)~2~SO~4~ gradient. A mobile phase pH of 4.6 was attained by using NaH~2~PO~4~ as the only buffering agent. The resulting HIC profile contained two prominent peaks (peak-I and peak-II in [Figure 7](#F0007)) with intrinsic fluorescence profiles that differed from one another to a similar degree compared to what was observed between peak-3 and peak-4 in the CEX profile ([Figure 1](#F0001)). The peak areas of peak-I/peak-II were 51.1%/42.7% and the intrinsic fluorescence profiles were red shifted/blue shifted, respectively. Upon raising the mobile phase pH to 6.4 by using an equal proportion of NaH~2~PO4 and Na~2~HPO~4~, the peak area of peak-I/peak-II shifted to 73.6%/23.8%, consistent with the pH-dependence of the proposed conformational equilibrium in the HC-CDR3 loop of mAb-1. Finally, fractions of peak-I and peak-II were collected and reinjected. The initial reinjection of the peak-I fraction had nearly re-equilibrated to a ratio of peak-I/peak-II that resembled what was observed in the unfractionated sample, while the peak-II fraction was somewhat slower to re-equilibrate. Both peak fractions had fully re-equilibrated after being stored at 5°C for 12 hours (Supplemental [Figure 7s](#F0007)). Based on the consistency of data between CEX and HIC experiments, the earlier eluting (less hydrophobic, red shifted) peak-I contained the proposed open-loop conformation while the later eluting (more hydrophobic, blue shifted) peak-II contained the proposed closed-loop conformation.10.1080/19420862.2020.1763138-F0007Figure 7.Analysis of mAb-1 using HIC. mAb-1 demonstrated two main peaks (peak I and peak II) in HIC analysis, and the two main peaks exhibited different intrinsic fluorescence. pH dependence of the interconversion of peak-I and peak-II were demonstrated using HIC by increasing the initial pH of the mobile phase. (a) HIC chromatographs of intact mAb-1 using acidic (pH 4.6) mobile phase. (b) HIC chromatographs of intact mAb-1 using near neutral mobile phase (pH 6.4). (c) Fluorescence profile of peak-I and peak-II.

Antigen-binding assay {#S0002-S2008}
---------------------

The hypothesis that the observed conformational equilibria of mAb-1 involved the HC-CDR3 raises the obvious question of functional impact. More specifically, are the kinetics/affinity of the proposed open-loop conformation and the closed-loop conformation for their antigen similar or different? In order to assess any possible functional impact of the conformational equilibrium of mAb-1, an antigen-binding assay was performed using standard SPR. The two main peaks, peak-3, and peak-4, collected from CEX described as above, as well as unfractionated mAb-1 were subjected to SPR study. Notably, the sample preparation procedure requires dilution and equilibration in a solution buffered at pH 7.4. SPR binding analysis demonstrated comparable kinetics/affinity between these fractionated peaks and unfractionated mAb-1 (Supplemental Figure 8s and Table 3s).

Discussion {#S0002-S2009}
----------

The charge variant profile is among the most routinely monitored attributes of a therapeutic mAb because it contains a wealth of information that chronicles the influence of various processes and environmental factors on charge-based heterogeneity. Changes to the charge variant profile observed throughout the manufacturing stages can reflect the contributions of various enzymatic and non-enzymatic processes to charge heterogeneity, while subsequent monitoring throughout the drug product development and stability testing stages, where pH and temperature-related deamidation are common concerns, helps inform the selection of product composition and storage conditions for minimizing further changes in charge heterogeneity.^[27](#CIT0027),[28](#CIT0028)^ The successful collection and application of such information is, however, dependent on the ability to obtain a high-quality charge variant profile, which in turn depends on the analysis technique of choice as well as the protein of interest. And in some cases, as with our investigation of mAb-1, the charge variant profile may contain unexpected information regarding conformational heterogeneity and dynamics.

In contrast to a technique such as isoelectric focusing, which separates charge variants based solely on differences in net charge, ion-exchange chromatography (including anion and cation exchange modes) separates charge variants based on several factors including differences in net charge, as well as changes that do not necessarily affect net charge but instead affect the exposure or distribution of charges on the protein surface.^[29](#CIT0029),[30](#CIT0030)^ This may involve a simple chemical modification (e.g., methionine oxidation,^[31](#CIT0031),[32](#CIT0032)^ asparagine cyclization^[33](#CIT0033)^) that produces a rearrangement of neighboring charges or a change in the size or continuity of a charged surface patch, or a conformational change that occurs independent of any chemical modification,^[34](#CIT0034)^ or even a combined conformational-chemical modification effect.^[35](#CIT0035)--[37](#CIT0037)^ It is also possible that the location of a particular modification will influence chromatographic peak retention, as has been reported for singly deamidated variants,^[38](#CIT0038)^ succinimide intermediates,^[39](#CIT0039)^ and antibody-drug conjugates.^[40](#CIT0040)^ The specific protein of interest requires a similar depth of consideration since detection of the aforementioned phenomena by CEX relies on protein--column interactions involving the affected region of the protein. Whether or not this happens largely depends on the charge distribution or charge anisotropy of the protein since proteins do not randomly interact with the column and instead have been shown to adopt preferred orientations for protein--column interactions.^[41](#CIT0041),[42](#CIT0042)^

In our case, two separate peaks were observed in both the CEX and HIC profile of mAb-1 that was interpreted to reflect an equilibrium between two discrete conformations of the HC-CDR3. Isolated fractions of each peak would re-equilibrate upon reinjection, the ratio of the two peaks was sensitive to changes in pH of the mobile phase, and there was a difference in conformation between the peaks that was apparent from in-line intrinsic fluorescence. Similar observations have been independently reported by several different groups of authors. For instance, Luo et al.^[43](#CIT0043)^ observed a pH-dependent equilibrium between two peaks that they attributed to the protonated and unprotonated forms of a single histidine in one of the HC-CDR loops of a mAb; however, they did not conclusively determine whether a conformational change was necessarily concomitant with their observations. In a separate report involving a different mAb, Luo et al.^[44](#CIT0044)^ determined that the observed equilibrium between two peaks resulted from reversible self-association that was induced by salt in the CEX elution buffer, and they found the ratio of the two peaks to be sensitive to different salt types at the same pH. Guo et al.^[45](#CIT0045)^ found no evidence of conformational differences between two interconverting peaks and concluded that their observations were due to the presence of two distinctly different binding sites on the CEX resin. Kimerer et al.^[34](#CIT0034)^ determined that the observed interconversion of three peaks for three different bispecific antibodies resulted from conformational changes induced by the CEX resin, but there was no pH dependence. The same group of authors demonstrated in a related report that the unique intrinsic fluorescence profile of each peak supported their conclusion that each peak represented a unique conformation.^[34](#CIT0034)^ Most recently, Masiero et al. determined that the pH dependence of two interconverting peaks observed in the size exclusion chromatography profile of a trispecific anti-HIV antibody resulted from a conformational equilibria involving proline isomerization in the HC-CDR3 and a neighboring histidine in the light chain.^[46](#CIT0046)^ While each of these reports describes one or more of the phenomena we observed during our investigation of mAb-1, none of them account for the totality of our observations.

We propose that the pH-dependent equilibrium between two discrete conformations of the HC-CDR3 of mAb-1 is coupled with a conformation-dependent pKa of two ionizable groups within the same loop. Rationalization of our experimental findings in support of these claims becomes clear upon a detailed consideration of the HC-CDR3 loop itself as well as the microenvironment of the loop and the surrounding surface area of the Fab. The HC-CDR3 of mAb-1 is 20 amino acids long, which is at the upper end of the length distribution reported for this CDR loop,^[15](#CIT0015)^ and it is mostly composed of hydrophobic amino acids. Despite this localized hydrophobicity, the surrounding surface area of the Fab is rich with positively charged patches ([Figure 5c](#F0005)) that provide an ideal contact interface for the CEX column material. Such consideration of the molecular electrostatic surface potential provides insight into the sensitivity of our CEX method to changes in this region of the molecule and is consistent with the strategy used by other authors to rationalize the preferred binding orientations of proteins exposed to ion exchange resins.^[34](#CIT0034),[47](#CIT0047)-[50](#CIT0050)^ A similar argument can be made for HIC ([Figure 7](#F0007)), where the HC-CDR3 loop itself would provide a hydrophobic contact surface, while the elution order of less hydrophobic open conformation/more hydrophobic closed conformation can be rationalized by noting the relative deprotonated/protonated state of Asp-100 and Asp-118 in the proposed opened/closed conformations. In the case of RPLC ([Figure 3a](#F0003)), the identical retention times of the two Fab peaks results from the aggressively denaturing method conditions.

Asp-100 and Asp-118 are among the few ionizable amino acids in the HC-CDR3 and they are located at the ends of the loop. The possibility of Asp cyclization and isomerization being responsible for the anomalous analytical profile of mAb-1 was ruled out by peptide mapping studies. Our findings are further supported by the extensive body of literature pertaining to this topic. Isomerization of aspartic acid to isoaspartic acid (iso-Asp) is a well-known non-enzymatic post-translational modification and could contribute to apparent charge variant heterogeneity in recombinant mAbs.^[35](#CIT0035),[51](#CIT0051),[52](#CIT0052)^ Extensive studies have been reported on the kinetics of Asp isomerization, and have shown that residues having less steric hindrance, such as a glycine or a serine, in the n + 1 position are hot spots for isomerization.^[53](#CIT0053),[54](#CIT0054)^ In our case, the n + 1 residues following Asp-100 and Asp118 are tyrosine and valine, and thus formation of iso-Asp under non-stressed condition was not expected within the timescale of our experiment.

Based on our *in silico* modeling results, we propose the following molecular-level mechanism to explain our experimental observations of mAb-1. At mildly acidic pH the loop adopts a closed conformation where it folds against the variable region and becomes stabilized by multiple hydrogen bonds and hydrophobic interactions. Asp-100 and Asp-118 become shielded from the solvent and the pKa of the side chains is raised by intramolecular interactions with neighboring amino acids to prevent the otherwise unfavorable ionization of the side chains in the relatively nonpolar microenvironment. Pioneering work by Tanford et al. on beta﻿-lactoglobulin produced the earliest detailed reports of an anomalous conformation-dependent pKa of an internal carboxyl group,^[55](#CIT0055),[56](#CIT0056)^ and helped to support a related report from Tanford articulating the fact that a conformation-dependent pKa change of at least one ionizable group is a necessary consequence of pH-dependent conformational equilibria.^[57](#CIT0057)^ Decades later, multiple independent researchers continued to build upon Tanford's work by providing crystallographic evidence of the specific glutamic acid within beta-lactoglobulin whose side chain demonstrates a conformation-dependent pKa, thus shedding additional light on the molecular basis of the so-called pH-dependent "Tanford Transition" of this protein.^[58](#CIT0058),[59](#CIT0059)^ In the case of NP4, it took multiple groups of authors several years to elucidate that a pH-dependent change between two discrete conformations was concomitant with a conformation-dependent change to the pKa of a specific Asp side chain.^[23](#CIT0023),[25](#CIT0025),[60](#CIT0060)^ Other notable examples of naturally occurring pH-conformation-pKa interdependencies include a pair of viral glycoproteins (one involving multiple Glu and Asp side chains^[61](#CIT0061)^ and the other involving a His side chain^[62](#CIT0062)^), and a pheromone-binding protein involving two His side chains.^[63](#CIT0063)^ Furthermore, Garcia-Moreno and colleagues showed through a series of publications involving multiple engineered variants of staphylococcal nuclease that internal Glu, Asp and Lys residues could have highly anomalous pKa values.^[64](#CIT0064)--[67](#CIT0067)^ Future experimental approaches with mAb-1 could include hydrogen-deuterium exchange (HDX) or crystallography, which could provide the most detailed and conclusive molecular-level evidence. In fact, preliminary HDX experiments were conducted but were inconclusive. This was not entirely surprising given the challenges associated with peptide mapping that stemmed from the particularly long and hydrophobic nature of the HC-CDR3 loop. Specifically, HDX experiments were unable to obtain sufficient sequence coverage of the HC-CDR3 loop to enable any meaningful interpretation.

Using an investigative approach that combined multiple experimental and computational techniques, we were able to establish the likely root cause of mAb-1's anomalous charge variant profile, as well as the factors that influence the proposed underlying pH-dependent, conformational equilibria of the HC-CDR3. Moreover, we highlighted the importance of carefully considering how such equilibria are influenced by assay conditions, including functional binding assays. Despite collecting individual chromatographic peak fractions containing either the proposed open-loop conformation or the proposed closed-loop conformation for ligand binding analysis, we hypothesize that the conditions of the binding assay (physiological conditions, pH 7.4) drove the conformational equilibrium to favor the open-loop conformation and thus precluded direct ligand binding analysis of the closed-loop conformation. By the same line of reasoning, we can contend that the conformational equilibrium has no negative impact on the biological function of mAb-1. This work demonstrated that complex proteins such as mAbs can have unique conformational dynamics that have unexpected effects on routine stability-indicating assays and it emphasized the value of combining orthogonal technologies to support the analytical, biophysical, and functional characterization of mAbs.

Materials and methods {#S0003}
=====================

Materials {#S0003-S2001}
---------

The therapeutic mAb (IgG1) was expressed in Chinese hamster ovary cells and produced by Bristol Myers Squibb (Princeton, NJ). Chemical and buffer components were purchased from Sigma-Aldrich or VWR and were the highest grade available. Digestion enzyme (GingisKHAN) was purchased from Genovis (Cambridge, MA). All buffers were made in house with deionized water filtered with an EMD Millipore MilliQ system (Burlington, MA).

CEX {#S0003-S2002}
---

CEX was performed on a Thermo Scientific MabPac SCX-10 column (4 mm x 250 mm, packed with 5 µm pellicular particles) attached to a Waters ACQUITY H-Class Bio System equipped with an external 30 cm column heater, photodiode array (PDA) detector, fluorescence (FLR) detector, and fraction manager. The PDA and FLR detectors were connected in series. For fraction collection experiments the FLR detector was disconnected and the fraction manager was connected downstream of the PDA. Mobile phases A-C consisted of 200 mM NaH~2~PO~4~ (A), 200 mM Na~2~HPO~4~ (B), and water (C). Two sets of separation conditions were used throughout this study depending on resolution and retention requirements of intact mAb-1 and mAb-1 Fc and Fab domains. For fraction collection of intact mAb-1 where higher resolution between individual charge variant peaks was needed, samples were held on column for 1 minute at 20%/0%/80% v/v/v, and then eluted with a two-stage linear gradient at a flow rate of 0.5 mL/min. The first stage changed to 12.5%/7.5%/80% v/v/v in 20 minutes and the second stage changed to 0%/20%/80% v/v/v in 4 minutes. The second set of separation conditions used slightly lower total ionic strength to promote adequate retention of mAb-1 Fc and Fab domains. Specifically, samples were held on the column for 1 minute at 15%/0%/85% v/v/v, and then eluted with a two-stage linear gradient at a flow rate of 0.5 mL/min. The first stage changed to 9.4%/5.6%/85% v/v/v in 20 minutes and the second stage changed to 0%/15%/85% v/v/v in 4 minutes. All samples and fractions were injected neat, and column loading varied from 20 to 400 µg, with the lower loadings being used for reinjecting fractions while higher loadings were used for collecting fractions. PDA (FLR) data were collected from 210 to 400 nm (Ex: 274 nm, Em: 310--370 nm) and integrated from an extracted wavelength of 280 nm (333 nm). The column compartment was set to 30°C and the sample compartment and fraction collection compartment were set to 5°C. The pH values of the collected two main fractions (6.41 for peak-3 and 6.43 for peak-4) were measured using an Orion Versa Star Pro pH meter (Thermo Scientific).

Enzyme (gingisKHAN®) digestion {#S0003-S2003}
------------------------------

The enzymatic digestion of mAb-1 was performed according to the manufacturer's instructions with slight modifications. Briefly, 2000 U GingisKHAN (Genovis Inc., Cambridge, MA) was reconstituted in 200 µL diH~2~O, and the 10x reducing agent was prepared in 50 µL diH~2~O for a final concentration of 20 mM cysteine immediately before each use. The original 20 mg/mL of mAb-1 was diluted to a concentration of 5 mg/mL in the mAb-1 formulation buffer (20 mM histidine, 260 mM sucrose, pH 6.0). 100 µL diluted mAb solution was subsequently mixed with 50 µL reconstituted GingisKHAN and 15 µL of freshly prepared reducing agent. The mixture was then incubated at 37°C for 3 hours. The digestion process was closely monitored by CEX.

SPR {#S0003-S2004}
---

SPR studies were performed on a Biacore T200 instrument (General Electric Healthcare) at 37°C. The binding of the analyte was tested in 10 mM HEPES, 150 mM NaCl, and 0.05% p20 (PBS-T) (pH 7.4) on surfaces consisting of a low density (∼300 RU) of mAb-1 fractions captured on a Protein A sensor chip (General Electric Healthcare). The protein analytes were injected in a titration series and regenerated back to baseline, which was performed by 2 × 30 sec injections of 10 mM Glycine -- HCl (pH 1.5). The data were analyzed using the Biacore T200 Evaluation software (General Electric Healthcare).

RPLC-MS {#S0003-S2005}
-------

RPLC-MS method was performed on an Agilent infinity 1290 UPLC system coupled with an Agilent 6230 TOF mass spectrometer. The column used for separation was a Waters BEH C4 column with 300 Å pore size, 1.7 µm particle, 2.1 × 150 mm. Mobile phase A was 80% water, 10% acetonitrile, 10% n-propanol, 0.1% trifluoroacetic acid (TFA). Mobile phase B was 80% n-butanol, 10% acetonitrile, 10% n-propanol, 0.1% TFA. Separation gradient was 0% to 10% B in 10 min, followed by 10% to 30% in 3 min. Column temperature was kept at 90°C, and flow rate is 0.5 mL/min. Key mass spectrometer conditions used for analysis were as the following: gas temperature is 325°C, sheath gas temperature is 350°C, capillary voltage is 5000 V, nozzle voltage was 1000 V, fragmentor voltage was 400 V.

In silico modeling methodology {#S0003-S2006}
------------------------------

The antibody 3D structure was obtained through homology modeling using the standard protocol for antibody modeling within molecular operating environment (MOE) software (Chemical Computing Group, Montreal, Canada). We then obtained different conformations of the protein in solution through two techniques: 1) loop modeler, and 2) MD simulations. The loop modeler was used to generate diverse conformations for the CDR loops as implemented in the MOE software. This involves searching for loops of similar sequence length with diverse conformations in a database of non-redundant protein chains from the Protein Data Bank. We also obtained possible protein conformations through 250ns MD simulations of the Fab region of the antibody. For the simulation, the AMBER10 (University of California, San Francisco, CA) fully atomistic force field was used for the protein and TIP3P^[68](#CIT0068)^ solvent model for water. The simulations were performed at 300 K and 1 atm in the NPT ensemble. We used MOE software for model set-up and Nanoscale Molecular Dynamics (NAMD) software for simulations.^[69](#CIT0069)^ The conformations obtained from loop modeler and MD simulations were analyzed for any differences in pKa of titratable residues and solvent exposure of Trp residues. The pKa is predicted based on the electrostatic interactions of these residues to other residues within the protein structure using the protein ionization protocol in the Discovery Studio software (BIOVIA Software Inc, San Diego, CA). For a selected set of conformations, we also performed SAP modeling^[26](#CIT0026)^ to determine the hydrophobic patches on the protein surface using the Discovery Studio software.

Peptide mapping {#S0003-S2007}
---------------

The reduction of the disulfide bonds of the antibody was performed by mixing 1 mg of mAb-1 with 200 μL of 8 M guanidine hydrochloride, 18 μL of 0.2 M dithiothreitol, and 60 μL of 0.8 M trizma (pH = 7.6), then incubating the mixture at 37°C for 30 minutes. Alkylation of the cysteine was conducted by the addition of 18 µL of 0.4 M sodium iodoacetate to the reduced antibody and incubated in the dark for 15 minutes at room temperature. The desalting was followed by transferring the reduced and alkylated solution into a NAP-5 column, then exchanging with digestion buffer (50 mM, pH 7.6 Trizma, 10 mM CaCl~2~). Finally, the chymotryptic digestion was carried out by mixing desalted solution with chymotrypsin (protein: chymotrypsin ratio = 25:1) and incubating them at 37°C for 30 min.

RPLC-MS for peptide mapping has applied a Thermo Fisher Scientific Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo, Waltham, MA) coupled to Waters ACQUITY UPLC (Waters, Milford, MA) with a C18 column (Waters UPLC BEH130 C18 1.7 μm 2.1 × 100 mm). Mobile phase A (aqueous) contains 0.1% TFA in water, while mobile phase B (organic) consists of 0.085% TFA in acetonitrile. The flow rate and column temperature were maintained at 0.4 mL/min and 45^◦^C, respectively. The gradient began with a 2.5-min hold at 2% of B, followed by an increase to 12%, 19.5%, 21%, 29%, 31%, 45% at 15, 30, 42, 55, 61, 74 minutes, respectively, then finally reached 100% at 74.1 minutes.

GPMAW and Thermo Biopharma (Pinpoint and Protein discovery) were used for data processing.

HIC {#S0003-S2008}
---

HIC was performed on a TSKgel ETHER-5PW column (7.5 mm x 75 mm, packed with 10 µm porous particles) attached to the same Waters ACQUITY H-Class Bio System described for CEX experiments. The fraction manager module was not used for HIC experiments as peak fractions were collected manually from the outlet line of the FLR detector. Mobile phases A-D consisted of 200 mM NaH~2~PO~4~ (A), 200 mM Na~2~HPO~4~ (B), 1 M (NH~4~)~2~SO~4~ (C) and water (D). All injections were held on column for 2 minutes at 20%/0%/70%/10% v/v/v/v, and then eluted with a single stage linear gradient over 30 minutes to 20%/0%/0%/80% v/v/v/v at a flow rate of 0.8 mL/min. A second set of separation conditions employed 10% mobile phase A and 10% mobile phase B in place of 20% mobile phase A. All samples and fractions were injected neat. Column loading was at 100 µg for samples, 1 mg for fraction collection and \~5-15 µg for reinjected fractions. PDA and FLR settings for data collection matched those described for CEX experiments. The column compartment was set to 25°C and the sample compartment was set to 5°C.
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